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Spectrin has been implicated in a variety of different processes during late embryogenesis, after transcription of the zygotic
genome has been activated. However, relatively little is known about the role of maternally derived spectrin during the
early cleavage divisions that give rise to a multicellular embryo. To investigate the role of spectrin in early development,
we have microinjected anti-spectrin antibodies into Patiria miniata star®sh embryos to inhibit the activity of the maternal
pool of spectrin. Microinjection of af®nity-puri®ed anti-spectrin antibody, or low to moderate doses of Fab fragments, into
one blastomere of a two-cell-stage embryo caused a dose-dependent, progressive increase in the length of the cell cycle
compared to the uninjected control blastomere. The progeny of injected blastomeres were unable to participate in the
formation of a blastula epithelium, instead forming a loose aggregate of cells that eventually stopped dividing. When
division stopped, the cells formed surface protrusions and became motile. At high doses of either whole antibody or Fab
fragments, cells initiated, but failed to complete, cytokinesis. Blastomeres injected with high doses of Fab fragments also
failed to reform nuclei and underwent variable periods of cell cycle arrest up to 12 hr. Injected embryos stained with
BODIPY-phallacidin exhibited extensive disruption of the cortical actin cytoskeleton. These results support previous
studies implicating spectrin in stabilizing the cell surface and maintaining the organization of the cortical cytoskeleton.
They further suggest that spectrin is not required for the initiation or contraction of the cleavage furrow, but functions in
the completion of cytokinesis. Most surprisingly, however, the results demonstrate that inhibition of spectrin function
alters cell cycle timing, suggesting that disruption of the actin cytoskeleton inhibits progression through the cell cycle.
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INTRODUCTION ing specialized subdomains of the membrane, and regulat-
ing cytoskeletal±membrane interactions (Goodman et
al., 1988; Coleman et al., 1989). Spectrin also undergoesSpectrin, the major structural component of the eryth-
redistribution from cytoplasmic pools to sites of activerocyte membrane skeleton, has been identi®ed as a ubiq-
membrane dynamics during activation of lymphocytesuitous component of eukaryotic cells (Goodman et al.,
(Lee et al., 1988), stimulation of actin secretion by gastric1988; Bennett, 1985; 1990; Bennett and Gilligan, 1993).
parietal cells (Mercier et al., 1989), and cell±cell contactThe spectrin molecule is a tetramer composed of two het-
leading to the formation of intercellular junctions (Nel-erodimers of a- and b-subunits linked head-to-head, with
son and Veshnock, 1987). In addition, spectrin exhibitsan actin binding site on the b-subunit at each end (March-
phosphorylation-dependent cycles of redistribution be-esi, 1985; Goodman et al., 1988; Bennett, 1989; Ma et al.,
tween the actin cytoskeleton and soluble cytoplasmic1993). Spectrin tetramers both cross-link actin ®laments
pools during mitosis in tissue culture cells (Fowler andinto networks and bind to a number of integral membrane
Adam, 1992), suggesting that it participates in the reorga-proteins, either directly or indirectly through ankyrin
nization of the actin cytoskeleton associated with cell(Goodman et al., 1988; Coleman et al., 1989; Morrow,
division.1989; Bennett, 1990). This spectrin-mediated linkage of
Spectrin undergoes extensive redistribution during oogen-integral membrane proteins to the actin cytoskeleton
functions in stabilizing the plasma membrane, establish- esis and embryogenesis in the mouse (Sobel and Alliegro,
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1985; Reima and Lehtonen, 1985; Damjanov et al., 1986; the new plasma membrane generated during the cellulari-
zation of the embryo (Fishkind et al., 1990b).Schatten et al., 1986), Xenopus (Giebelhaus et al., 1987, 1988),
Drosophila (Pesacreta et al., 1989; Thomas and Kiehart, 1994), The potential role of spectrin in cytokinesis is unclear.
Caco-2 cells that express truncated b-spectrin subunits be-and sea urchin (Schatten et al., 1986; Fishkind et al., 1990a,b).
Embryos contain a maternal pool of spectrin that redistributes come multinucleated (Hu et al., 1995), suggesting that spec-
trin is required for normal cytokinesis. Spectrin has beenfrom the cytoplasm to newly formed plasma membrane dur-
ing cellularization of the embryo (Sobel and Alliegro, 1985; reported to accumulate in the cleavage furrows of dividing
mouse blastomeres (Schatten et al., 1986) and the furrowReima and Lehtonen, 1985; Giebelhaus et al., 1987; Pesacreta
et al., 1989; Thomas and Kiehart, 1994; Fishkind et al., 1990b). canals of Drosophila embryos (Pesacreta et al., 1989;
Thomas and Kiehart; 1994). While spectrin has been identi-Zygotic expression of spectrin does not appear to occur until
the mid-blastula transition (Giebelhaus et al., 1987; Wessel ®ed in isolated cleavage furrows from sea urchin eggs by
two-dimensional SDS±PAGE (Yonemura et al., 1990), im-and Chen, 1993; Thomas and Kiehart, 1994), except in the
mouse, where spectrin transcription has been reported to be- muno¯uorescent localization studies do not reveal a sig-
ni®cant accumulation in the cleavage furrow comparedgin at fertilization (Sobel and Goldstein, 1988). Drosophila
embryos containing mutations in the a-spectrin gene are able with other regions of the egg surface (Schatten et al., 1986;
Fishkind et al., 1990b).to develop to the ®rst or second larval instar, presumably by
utilizing this maternal pool of spectrin, but exhibit loss of To investigate the function of spectrin during early cleav-
age divisions, we microinjected af®nity-puri®ed antibodiesepithelial cell±cell interactions and cell substrate interactions
at the larval stage (Lee et al., 1993). Mutations in Drosophila against sea urchin egg spectrin into developing star®sh em-
bryos to inactivate the pool of maternal spectrin. The re-spectrin that disrupt head-end interchain binding prevent ac-
tin network formation and inhibit oogenesis and larval devel- sults of these studies implicate spectrin in the regulation
of cytoskeletal±membrane interactions that stabilize theopment, even though the mutant spectrin remains stably asso-
ciated with membranes (Deng et al., 1995), indicating that the cell surface, participate in the completion of cytokinesis,
and mediate cell±cell interactions during the formation ofcross-linking of actin into networks is required for develop-
ment. However, because of the large maternal pool of spectrin, the blastula epithelium. Unexpectedly, the results also
demonstrate that inhibition of spectrin function alters nor-genetic approaches have not been able to address the role of
spectrin during the early cleavage divisions that lead to the mal cell cycle timing.
cellularization of the embryo. Drosophila embryos also con-
tain a unique high-molecular-weight b-spectrin, bHeavy-spec-
trin, that exists as a maternal pool and also exhibits tissue-
speci®c transcription following zygotic expression (Thomas MATERIALS AND METHODS
and Kiehart, 1994). The localization pattern of this protein
suggests that it functions in the cellularization of the embryo,
in establishing cellular domains associated with contractile Materials
processes required for morphogenetic movements, and in the
development of membrane domains involved in the formation Patiria miniata star®sh were obtained from Marinus Inc. (Long
Beach, CA) and Westwind Sea Labs, Inc. (Victoria, BC, Canada).of intercellular junctions (Thomas and Kiehart, 1994).
Arti®cial sea water (ASW) was prepared from Tropic Marin Sea SaltWe previously puri®ed spectrin from sea urchin eggs
(Wartenberg, Germany). For the immunoblotting protocol, nitrocel-(Fishkind et al., 1987) and demonstrated its distribution
lulose was obtained from Schleicher & Schuell (Keene, NH), Carna-on the plasma membrane and the membranes of cortical
tion Instant Skim Milk Powder from Nestle (Don Mills, ON, Can-granules, acidic vesicles, and yolk platelets (Bonder et al.,
ada), goat-anti-rabbit IgG conjugated to alkaline phosphatase from
1989; Fishkind et al., 1990a). Exocytosis of the cortical Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA), and
granules at fertilization causes a redistribution of spectrin 50 mg/ml nitro blue tetrazolium and 50 mg/ml bromochloroindolyl
from the cortical granule membranes to the plasma mem- phosphate stock solutions from Fisher/Promega (Madison, WI).
brane and to bundles of actin ®laments that develop Ponceau S red solution, protein A±Sepharose beads, cytochalasin
D, Hepes, 1-methyladenine, Triton X-100, and the proteolytic in-within microvilli following fertilization (Fishkind et al.,
hibitors aprotinin, leupeptin, and phenylmethylsulfonyl ¯uoride1990a,b). This redistribution suggests that spectrin func-
(PMSF) were obtained from Sigma Chemical Company (St. Louis,tions in the stabilization of the plasma membrane and
MO). DEAE ion-exchange resin was purchased from Whatmanthe assembly of the cortical actin cytoskeleton. Within
(Maidstone, England). CNBr-Activated Sepharose 4B was obtained20 min after fertilization, spectrin-coated acidic vesicles
from Pharmacia Biotech (Uppsala, Sweden). An Af®-Prep Proteinmigrate to the cortex where they become anchored and
A MAPS II kit and acrylamide were purchased from Bio-Rad Labora-
remain throughout development (Fishkind et al., 1990b). tories (Hercules, CA). Papain was purchased from Boehringer-
The function of these acidic vesicles is not known. The Mannheim (Mannheim, Germany). BODIPY-phallacidin and the
amount of spectrin associated with yolk platelet mem- DNA-binding dye 4,6-diamidino-2-phenylindole (DAPI) were ob-
branes gradually decreases during embryogenesis, sug- tained from Molecular Probes, Inc. (Eugene, OR). All other chemi-
cals were of analytical reagent grade or better.gesting that it functions as the major pool of spectrin for
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0.02% NaN3, pH 7.5) containing 4 mg/ml cytochalasin D to inhibitCollection and Handling of Gametes
actin polymerization. Oocytes were homogenized in a Dounce ho-
A few lobes of ovary or testis were removed from the arm of a mogenizer on ice using 10 passes with a tight B pestle, and the
star®sh through a slit made at the junction between two arms. homogenate was centrifuged at 250,000g for 1 hr at 47C. The clear
Testes were stored ``dry'' in a petri dish at 47C. Ovaries were placed supernatant was transferred to a 15-ml centrifuge tube, incubated
in a ®nger bowl containing 50 ml of ASW at 147C. To initiate the overnight at 47C to allow the formation of a precipitate, and then
release and maturation of oocytes, 10 mM 1-methyladenine was centrifuged at 10,000g to recover the supernatant. If this step was
added for 1.5 hr (Chaet, 1960; Kanatani, 1969). Mature oocytes were omitted, a nonspeci®c precipitate formed during subsequent incu-
washed 31 in ASW, fertilized, and processed for microinjection as bations.
described below. A 10% v/v suspension of protein A±Sepharose beads was pre-
pared in homogenization buffer. Recovered supernatant (2.5 ml)
was placed in each of three 15-ml centrifuge tubes with 50 ml of
Preparation of Antibodies the bead suspension alone, or 50 ml of the bead suspension and
80 ml of either preimmune or immune rabbit serum. The tubesThe immunoglobulin fraction of preimmune rabbit serum was
were tumbled at 47C for 4 hr, and the beads collected by centri-precipitated with ammonium sulfate (Harlow and Lane, 1988), re-
fuging at maximum speed in an IEC Clinical Centrifuge (Interna-suspended in 5 mM sodium phosphate buffer with 0.02% NaN3 at
tional Equipment Company, Needham Hts., MA) for 10 min.pH 7.4, and dialyzed overnight at 47C against three changes of the
The beads were resuspended in 1 ml of homogenization buffersame buffer. IgGs were further puri®ed using DEAE ion-exchange
containing 0.5 M NaCl, transferred to 1.5-ml microcentrifugeresin following the batch protocol of Harlow and Lane (1988) and
tubes, and incubated on ice for 30 min to disrupt any nonspeci®cvacuum concentrated/dialyzed against microinjection buffer (100
binding. The beads were recovered by centrifuging at 10,000 rpmmM potassium glutamate, 40 mM sodium citrate, 1 mM MgCl2, 1
in a benchtop microcentrifuge for 1 min, washed three times inmM EGTA, 0.02% NaN3; Zavortink et al., 1983) to a ®nal concen-
homogenization buffer, and boiled for 5 min in 50 ml of SDS±tration of 24 mg/ml. Protein concentrations were estimated by
PAGE sample buffer (Laemmli, 1970).measuring OD280 using an extinction coef®cient of 1.44 (Mandy
and Nisonoff, 1963; Coulter and Harris, 1983) for both whole anti-
body and Fab fragments.
Electrophoresis and ImmunoblottingThe production of rabbit polyclonal antibodies against sea urchin
egg spectrin is described elsewhere (Bonder et al., 1989). Antibodies SDS±PAGE was performed using 5±15% gradient mini-gels,
were af®nity-puri®ed against human erythrocyte spectrin, isolated made from a 30:0.8% acrylamide:bis-acrylamide stock solution,
by the method of Cohen and Foley (1984), and coupled to CNBr- and transferred to nitrocellulose in transfer buffer (25 mM Tris-
Activated Sepharose 4B beads, as described previously (Bonder et base, 192 mM glycine, 20% methanol, 0.01% SDS) with a Genie
al., 1989). Af®nity-puri®ed antibodies were vacuum concentrated/ Blotter apparatus (Idea Scienti®c, Corvallis, OR) at 0.5 A for 3 hr
dialyzed against microinjection buffer to a ®nal concentration of 8 at 47C. Nitrocellulose sheets were stained with ponceau S red as
mg/ml for microinjection. described by Harlow and Lane (1988) to visualize proteins and incu-
bated in blocking buffer (5% skim milk powder, 0.01% antifoam
A, 0.0001% thimerosal, 100 mM boric acid, 25 mM sodium borate,Preparation of Fab Fragments 75 mM NaCl, pH 7.4) at 47C overnight on a rocking platform.
Preimmune and af®nity-puri®ed antibodies were diluted to 5 mg/IgGs were puri®ed from preimmune rabbit serum using an Af®-
ml and incubated with the nitrocellulose sheets as described byGel Protein A MAPS II kit according to the manufacturer's instruc-
Fishkind et al. (1990a). Antibodies were detected using the proce-tions. Isolated IgGs were vacuum concentrated/dialyzed against
dure described by Harlow and Lane (1988) for alkaline phosphatase.100 mM sodium acetate at pH 5.5 to 5 mg/ml and digested over-
night with 10 mg of papain/mg of IgG (Harlow and Lane, 1988). Fab
fragments were recovered using the Af®-Gel Protein A MAPS II kit
Microinjectionto remove the Fc fragments. Preimmune Fab fragments were vacuum
concentrated/dialyzed against microinjection buffer to a ®nal con-
Oocytes were fertilized and allowed to develop at 147C to the two-centration of 8±10 mg/ml for microinjection.
cell stage (3.5 hr) before being placed in a temperature-controlledFab fragments from immune rabbit serum were prepared by the
microinjection chamber (Kiehart, 1982). One blastomere of a two-same procedure as above and af®nity-puri®ed as described for whole
cell-stage embryo was microinjected using the method of Kiehartantibodies to generate monospeci®c antibody fragments. The af®n-
(1982), leaving the other uninjected sister cell to serve as a control.ity-puri®ed Fab fragments were vacuum concentrated/dialyzed
A small drop of Wesson Oil (Hunt±Wesson Foods, Inc., Fullerton,against microinjection buffer to a concentration of 2.3 mg/ml and
CA) was coinjected with the antibody solution to mark the injectedthen further concentrated to 3.3 mg/ml using a Centricon-10 micro-
cell (Kiehart, 1982). Injected embryos were cultured at 147C throughconcentrator (Amicon Division, W. R. Grace & Co., Beverly, MA).
hatching in the microinjection chamber and followed by time-lapse
video microscopy using differential-interference contrast (DIC) optics
on a Zeiss microscope with a 16x objective lens (NA 0.35) or aImmunoprecipitation of Native Spectrin
Reichert Polyvar 2 microscope with a 25x objective lens (NA 0.55)
or a 40x objective lens (NA 1.00). Video records were collected usingOocytes were washed once in wash buffer (0.9 M glycerol, 100
mM Hepes, 5 mM EGTA, pH 7.5) at 147C and resuspended in 10 a Dage-MTI Newvicon NC-67M video camera (Michigan City, IN)
and a JVC BR-9000U time-lapse video recorder (Victor Company ofvolumes of homogenization buffer (wash buffer with 1 mM ATP,
1 mM DTT, 0.5 mM PMSF, 50 mg/ml aprotinin, 20 mg/ml leupeptin, Japan, Ltd., Japan). Still images were captured from the videotape
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records using a Power Macintosh 6100/66AV computer (Apple Com-
puter, Inc., Cupertino, CA), and ®gures composed with Adobe Pho-
toshop 3.0.1 (Adobe Systems, Inc., Mountain View, CA). The ®gures
were printed on a Codonics NP-1600 Photographic Network Printer
(Middleburg Hts., OH) with a grayscale cartridge.
Calculation of Antibody Dose
The amount of antibody injected into a blastomere was deter-
mined as described by Kiehart (1982). Brie¯y, equal amounts of oil
and antibody solution were alternately drawn into the microinjec-
tion pipette from a Wesson Oil-capped loading chamber (Kiehart,
1982) until the micropipette contained 5±10 antibody loads. The
amount drawn into the micropipette was determined by superim-
posing an ocular micrometer scale onto the image of the pipette
and drawing up the same linear distance of antibody solution and
oil. The injection volume was determined by expelling an oil load
into the sea water in the microinjection chamber, measuring its
diameter, and calculating the volume of the drop. The amount of
antibody injected was calculated from the known concentration of
antibody in the injection medium and the volume of the drop.
FIG. 1. (a) Af®nity-puri®ed antibodies to sea urchin egg spectrin
immunoblotted against oocytes of the star®sh Patiria miniata and
Fluorescent Nuclear Staining puri®ed human erythrocyte spectrin. Lane 1, Coomassie blue-
stained SDS±PAGE of total star®sh oocyte protein. ImmunoblotEmbryos were microinjected as described above, allowed to de-
of af®nity-puri®ed anti-spectrin antibodies showed monospeci®cvelop for 2, 6, or 10 hr, and ®xed (3% formaldehyde, 0.20 M Millo-
staining of a closely spaced polypeptide doublet in Patiria oocytesnig's phosphate buffer, 0.136 M NaCl, pH 7.0; Cloney and Florey,
that ran in the range 242±245 kDa (lane 2), and of human erythro-1968) overnight at 47C. All subsequent steps were carried out at
cyte a- and b-spectrin at 240 and 220 kDa (lane 3). Preimmuneroom temperature. Embryos were permeabilized in ®xative con-
antibodies showed no speci®c binding to Patiria oocyte proteinstaining 0.1% Triton X-100 for 30 min and washed three times in
(lane 4) or puri®ed human erythrocyte spectrin (lane 5). ArrowsPBS before being stained with 1 mg/ml of the DNA-speci®c dye
indicate molecular weights of (starting from the top) 240 (humanDAPI in PBS for 30 min. Embryos were washed three times in PBS
erythrocyte a-spectrin), 194 (myosin), 116 (b-galactosidase), 85 (bo-to remove excess ¯uorescent stain and mounted in an antipho-
vine serum albumin), and 49 kDa (ovalbumin). (b) Immunoprecipi-tobleaching medium (2 mM n-propyl gallate, 60% glycerol, 50 mM
tation of native spectrin from P. miniata oocyte homogenates. Un-Tris-base, 150 mM NaCl, pH 7.5) on glass slides. Coverslips were
der native conditions, immune serum antibodies precipitated thesealed to the slide with nail polish. Embryos were observed by DIC
closely spaced a- and b-spectrin doublet (lane 2). Preimmune serumand ¯uorescence microscopy on a Reichert Polyvar 2 microscope
(lane 3) and protein A±Sepharose beads alone (lane 4) show a smallusing a 40x objective (NA 1.00). Photomicrographs were taken on
amount of nonspeci®c spectrin binding. Lane 1 shows a puri®edIlford FP4 Plus ®lm and developed with full-strength Kodak D-76
human erythrocyte spectrin control. Arrow indicates the 240-kDaas recommended by the ®lm manufacturer.
a-subunit.
Fluorescent Actin Staining
In order to investigate the effect of anti-spectrin antibody on the
RESULTSorganization of the actin cytoskeleton, embryos were microinjected
as described above and allowed to develop for a range of times
before being ®xed, permeabilized, and washed as described above. Antibody Speci®city
Embryos were stained with 2 U/ml of the F-actin-speci®c dye BOD-
IPY-phallacidin in PBS for 30 min, followed by three washes in PBS Immunoblots of af®nity-puri®ed anti-sea urchin egg
to remove excess phallacidin. The stained embryos were mounted spectrin antibodies against whole star®sh oocytes showed
in anti-photobleaching medium, as described above, and observed monospeci®c staining of a closely spaced doublet with
using a Leica Confocal Laser Scanning Microscope based on a Leica apparent molecular weights of 242±245 kDa (Fig. 1a, lane
Aristoplan Microscope. Images were collected with a 631 PL APO 2). The antibody recognized both the 240- and the 220-
objective (NA 1.4) using 64 scans at a resolution of 5121 512 pixels kDa a- and b-subunits of human erythrocyte spectrin (Fig.
and transferred to a Power Macintosh 6100/66AV. Figures were
1a, lane 3). Preimmune IgG showed no staining of eithercomposed using Adobe Photoshop 3.0.1 and printed on a Codonics
star®sh oocytes or human erythrocyte spectrin (Fig. 1a,NP-1600 Photographic Network printer with a grayscale cartridge.
lanes 4 and 5). Immunoblots using immune and preim-The staining pattern of the progeny of injected blastomeres was
mune Fab fragments gave identical results (data notcompared to that of control cells from the same embryo at the
corresponding stage of development. shown). To determine the speci®city of anti-spectrin anti-
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FIG. 2. Injection of preimmune immunoglobulin fraction and af®nity-puri®ed anti-spectrin antibodies into P. miniata. The time after
microinjection (hours:minutes) is indicated at the bottom right of each panel. Scale bars, 50 mm. (a±d) P. miniata embryos were unaffected
by the microinjection of preimmune immunoglobulins. (a) A two-cell stage P. miniata embryo was injected with 0.5 ng of preimmune
antibodies. An oil droplet (asterisk) marks the injected cell. Both the injected and the uninjected control blastomere underwent synchronous
cell divisions (b and c), eventually forming a normal blastula with an intact epithelium (d). (e±h) Microinjection of anti-spectrin antibody
caused cell cycle delays and resulted in the production of abnormal embryos. (e) An embryo at the two-cell stage was injected with 0.2
ng of antibody. An oil droplet marks the injected cell. (f and g) The progeny of the injected blastomere are larger than those of the
uninjected blastomeres, due to an increase in cell cycle time. (h) The progeny of the uninjected control cells formed a normal blastula
epithelium (right), but cells derived from the injected blastomere produced a loose aggregate. Some of the cells became motile, breaking
away from the aggregate and entering the blastocoel (arrow).
body for native spectrin in Patiria oocytes, immunopre- aggregate of cells instead of a blastula epithelium (Fig. 2h).
The injected cells eventually stopped dividing, exhibitedcipitation of native spectrin from oocyte homogenates
increased surface activity, extended pseudopodia, and be-was performed using immune rabbit serum. Figure 1b
came motile (Fig. 2h). Injected blastomeres exhibited a pro-demonstrates that immune serum immunoprecipitated
gressive increase in the length of the cell cycle comparednative spectrin, indicating that the antibody was capable
to their uninjected sister blastomeres (Fig. 5b), causing theof binding native spectrin in the egg.
injected cells to fall behind one cell cycle by 4 hr after
injection. Effects on cell cycle timing were dose-dependent,
with higher antibody doses producing progressively greaterMicroinjection of Antibodies against Spectrin
cell cycle delays. Injection of 0.5 ng of antibody caused a
Microinjection of 0.2±1.0 ng of preimmune antibodies greater increase in the length of the cell cycle. Control blas-
showed no detectable effect on normal development in a tomeres showed a consistent average cell cycle time of 54
total of 15 embryos (Figs. 2a±2d). Both injected and unin- min, while injected blastomeres showed a progressive in-
jected blastomeres divided synchronously with identical crease in cell cycle time to 1.5 hr by the eighth cell cycle
cell cycle times (Fig. 5a), measured as the interval between (Fig. 5c). These data are representative of nine embryos fol-
cleavage furrow initiations, and participated in the forma- lowed through the blastula stage.
tion of a normal blastula (Fig. 2d). Injections of 0.2±2.3 ng of Injection of 0.8 ng of anti-spectrin antibody caused a dra-
preimmune Fab fragments (33 embryos) produced identical matic alteration in cell cycle timing (Figs. 3 and 5d). The
results (data not shown). injected blastomere required 2.5 hr to complete the third
Injection of 0.2 ng of af®nity-puri®ed anti-sea urchin egg cell cycle and 4.5 hr to complete the fourth cycle, while
spectrin antibody disrupted normal blastula formation (Figs. control cells maintained an average cell cycle time of 48
min (Fig. 5d). Many cells initiated a cleavage furrow that2e±2h). Progeny of the injected blastomere produced a loose
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FIG. 3. Microinjection of 0.8 ng of anti-spectrin antibody resulted in lengthy cell cycle delays and profound morphological alterations
in injected blastomeres. The time after microinjection (hours:minutes) is indicated at the bottom right of each panel. Scale bar, 50 mm.
(a) A two-cell-stage embryo was injected with 0.8 ng of anti-spectrin IgG. (b) By 3.5 hr, the injected cell had only completed 2 divisions.
Attempts at cleavage continued, but furrow regressions caused failures in cytokinesis (compare c and e). The progeny of the injected
blastula, many containing enlarged nuclei (e), completed fewer divisions than blastomeres injected with lower antibody doses. When
division stopped, many of the injected cells extended surface protrusions (f, arrow) and became motile. The surface blebbing increased in
intensity, leading to cell fragmentation.
subsequently regressed (Figs. 3b±3d). When the injected plasm, and the formation of clear areas within the cyto-
plasm in which small particles exhibited Brownian motionblastomeres stopped dividing, they became motile and pro-
duced numerous surface blebs that eventually led to cell (Figs. 4c and 4d). After a variable period of time, these cells
regained a normal appearance and resumed division, al-fragmentation (Fig. 3f). Similar results were observed in 17
other injected embryos followed through development. though cleavage furrows frequently regressed at the end of
cytokinesis. In the example shown in Fig. 4, the injectedIn order to determine whether the effects described above
might be due to an artifact of spectrin immunoprecipitation blastomere attempted to cleave into four cells 11 hr after
injection (f), indicating the presence of four mitotic centersby the intact antibody, we microinjected Fab fragments. The
injection of 0.1±0.4 ng of immune Fab fragments into blasto- and demonstrating that it had not progressed beyond the
third cell cycle during 11 hr of development. The cleavagemeres produced cleavage delays and morphological changes
similar to those observed in whole antibody-injected cells. furrows regressed (Fig. 4g), and the blastomere attempted to
cleave into eight cells during the following division (Fig. 4h).The injection of higher doses of immune Fab fragments,
however, had an even more pronounced effect on develop- As in cells injected with 0.8 ng of IgG, cleavages eventually
became asynchronous, surface motility increased, and thement. Microinjection of 0.6 ng of immune Fab caused blasto-
meres to arrest at the second or third cell cycle (two- or progeny of the injected blastomere formed a loose aggregate
of cells (Fig. 4i). Upon resumption of division, the length offour-cell stage) (Fig. 4) for extended periods of time before
resuming division. The majority of the arrested blastomeres the cell cycle was extended compared to that of controls at
the same division stage. Figure 5e illustrates an embryoexhibited extreme alterations in their morphology, includ-
ing distortion of cell shape, the clumping of granular cyto- where the injected blastomere remained in the second cell
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FIG. 4. Microinjection of 0.6 ng of anti-spectrin Fab fragments arrested the cell cycle. Time after microinjection (hours:minutes) is
indicated at the bottom right of each panel. Scale bar, 50 mm. (a) One blastomere of a two-cell-stage embryo was microinjected with 0.6
ng of anti-spectrin Fab fragments. A cleavage furrow developed in the injected blastomere, but subsequently regressed (b). The injected
blastomere ceased dividing, became irregular in shape, and developed clear areas at the cell poles (c and d, arrows). By 11 hr after injection,
the blastomere regained a more normal shape and morphology (e). It subsequently attempted to cleave into four cells (f), but the cleavage
furrows again regressed (g). The cell subsequently cleaved into eight cells at the next division (h). Cleavages eventually became asynchro-
nous, and a loose aggregate of cells formed that exhibited pronounced surface motility (i). Progeny of the uninjected blastomere formed
an independent blastula which hatched normally (right side of h).
cycle for over 9 hr before resuming cell divisions at average To determine which portion of the cell cycle was affected
by the microinjection of anti-spectrin antibodies, the mi-intervals of 1.4 hr, compared to 37 min for the control at the
same developmental stage. The measured cell cycle time of totic time was measured as the interval between nuclear
envelope breakdown and cleavage furrow initiation. These15 embryos showed that injected blastomeres arrested for
between 3 and 12 hr at the second or third cell cycle before measurements were made on blastomeres between the sec-
ond and eighth cell cycles, since optical limitations of theresuming division with extended cell cycle times. Similar
results were obtained in 62 other embryos followed through microinjection chamber prevented precise determination of
nuclear envelope breakdown at later stages. No differencesdevelopment.
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FIG. 5. Comparison of cell cycle times of injected blastomeres and their uninjected sister controls. (a) The cell cycle time of a blastomere
injected with 0.5 ng of preimmune antibodies (m) was identical to the control (s). (b) Injection of a blastomere with 0.2 ng of af®nity-
puri®ed anti-spectrin antibody (m) caused a progressive increase in cell cycle time compared to the uninjected sister blastomere (s). After
5 division cycles, the injected blastomere was 1 cell cycle behind the uninjected control. (c) Injection of 0.5 ng of anti-spectrin antibody
resulted in a greater increase in cell cycle time (m). By the eighth division, the cell cycle time of the injected blastomere had increased
to approximately 1.5 hr compared to 54 min in the control (s). (d) A blastomere injected with 0.8 ng of af®nity-puri®ed anti-spectrin IgG
(m) required 2.5 hr to complete the third cell cycle and 4.5 hr to complete the fourth cell cycle, compared with an average cell cycle time
of 48 min in the uninjected sister cell (s). (e) Injection of 0.6 ng of af®nity-puri®ed anti-spectrin Fab fragments (m) arrested the blastomere
in the second cell cycle for over 9 hr. Upon resuming division, the average cell cycle time was extended to 1.4 hr compared to 37 min in
the uninjected sister cell (s). (f) Comparison of the mitotic timing of injected blastomeres with uninjected controls measured between
the second and eighth cell cycles. No signi®cant difference was observed between the duration of mitosis in antibody-injected cells (solid
bars) versus uninjected sister cells (open bars). Hence, delays in cleavage resulted from an extension of the nonmitotic portion of the cell
cycle. Error bars represent one standard deviation above and below the mean.
were observed in the mitotic times of injected blastomeres DAPI revealed no increase in the amount or overall pattern
of staining in enlarged nuclei compared to those of unin-and uninjected controls (Fig. 5f), indicating that the nonmi-
totic portion of the cell cycle was extended. jected controls in the same embryo (data not shown). In
contrast, Fab-injected blastomeres that exhibited cell cycle
arrest did not reform normal nuclei until division resumed
Nuclear Morphology (Figs. 6a and 6c). These injected cells frequently contained
a clear area, devoid of any discernible nuclear envelope,The nuclei of IgG-injected blastomeres that showed pro-
occupying the expected location of the nucleus. DAPI stain-longation of cell cycle timing became enlarged compared
ing of these cells revealed numerous small ¯uorescent dotsto those of control blastomeres at the same stage of develop-
ment (Figs. 3b and 3e). Staining with the DNA-speci®c dye (Figs. 6b and 6d), either dispersed or grouped together to
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FIG. 6. Failure of normal nuclear assembly in embryos injected with 0.6 ng of anti-spectrin Fab fragments viewed by DAPI staining. Scale
bar, 50 mm. (a and c) DIC photomicrographs of Fab-injected embryos. The progeny of the uninjected blastomeres formed normal blastula
epithelia (top part of micrographs). Injected blastomeres are marked with an oil drop (asterisks). The injected blastomere in (a) arrested at
the second cell cycle (two-cell stage). No nucleus or nuclear envelope was detected. (b) DAPI ¯uorescence photomicrograph of (a) in the
same optical plane. The injected cell contains dispersed ¯uorescent dots (arrow) corresponding to chromosomes that failed to fuse to form
a normal nucleus. Round to elliptical-shaped normal nuclei can be seen in the progeny of the control cell. The injected blastomere in (c)
completed second cleavage and arrested at the third cell cycle (four-cell stage). Again, no nucleus or nuclear envelope was detected in
either daughter cell of the injected blastomere. (d) DAPI ¯uorescence photomicrograph of (c) in the same optical plane. The two daughter
cells from the injected blastomere show dispersed chromosomes (arrows) which failed to fuse to form a normal nucleus.
form the clear area. These dots appear to represent individ- Control embryos at the two-cell stage showed an accumu-
lation of ®lamentous actin in the cell cortex and micro-ual chromosomes that have failed to fuse to form a normal
villi (Fig. 7a) similar to what has been previously observednucleus. A range of stages in partial nuclear assembly was
in sea urchin eggs (Hamaguchi and Mabuchi, 1988; Bonderalso observed.
et al., 1988; Wong et al., 1996). As development pro-
gressed, the microvilli became less prominent, and corti-
cal F-actin staining increased dramatically, especially inEffects of Anti-Spectrin Antibodies on the Actin
areas of cell±cell contact (Fig. 7b).Cytoskeleton
Blastomeres injected with 0.1±0.2 ng of Fab fragments ex-
The increased surface activity of injected cells and fail- hibited dramatic changes in the distribution of ®lamentous
ure to complete cytokinesis suggest that the anti-spectrin actin. At early times after injection, microvillar F-actin
antibodies alter normal cortical actin cytoskeleton± staining was absent, small surface blebs appeared, and cyto-
membrane interactions. To determine what effect spec- plasmic ¯uorescence was more diffuse compared to that of
trin antibodies had on the actin cytoskeleton, injected controls at the same stage (compare Figs. 7a and 7c). Simi-
embryos were ®xed and stained with BODIPY-phallacidin larly, the increase in the amount of cortical F-actin staining
observed during cellularization of the embryo was inhibitedand examined with confocal scanning laser microscopy.
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FIG. 7. The distribution of ®lamentous actin in control and injected star®sh embryos. Scale bar shown in panel a, 20 mm in a, c, and f
and 40 mm in b, d, and e. (a) Normal star®sh blastomere at the two-cell stage stained with BODIPY-phallacidin showed ®lamentous actin
in the microvilli and along the plasma membrane. (b) Multicellular embryo showing reduction in microvillar staining and increased
cortical staining for F-actin. Actin appears concentrated at regions of blastomere contact. (c) Blastomere at the two-cell stage injected
with anti-spectrin antibody. F-actin staining appears homogeneous throughout the cell. Microvilli are absent and have been replaced by
small surface blebs. (d) Injected embryo at same stage of development as control embryo shown in b. The progeny of the injected cell
exhibited signi®cantly reduced cortical F-actin staining compared to the control, but still maintained some degree of concentration in
regions of cell±cell contact. (e) As development proceeded, the amount of cortical F-actin decreased. (f) When injected cells stopped
dividing, ®lamentous actin became concentrated within surface blebs.
(compare Figs. 7b and 7d). In cells that began exhibiting ing the completion of cytokinesis. Unexpectedly, the re-
sults also demonstrate that the microinjection of anti-spec-surface protrusions, ®lamentous actin was concentrated
within the blebs (Fig. 7f). trin antibodies causes a dose-dependent increase in the
length of the cell cycle, suggesting that inhibition of spec-
trin function leads to alterations in cell cycle timing.
DISCUSSION
Stoichiometry of Antibody±Spectrin InteractionThe results reported here implicate spectrin in the regula-
tion of cytoskeletal±membrane interactions during early We previously calculated the number of spectrin tetra-
mers in a Strongylocentrotus purpuratus egg (diameter, 80development that stabilize the cell surface and mediate
cell±cell interactions required for the formation of the blas- mm; volume, 268 pl) to be 3 1 107 (Fishkind et al., 1987).
Assuming a similar concentration of spectrin tetramers intula epithelium. They also suggest that, while spectrin is
not required for the formation or contraction of the cleavage the considerably larger P. miniata oocyte, the number of
spectrin tetramers would be 2.41 108 (oocyte diameter, 160furrow, it participates in the stabilization of the furrow dur-
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mm; volume, 2145 pl), while one blastomere at the two- et al., 1996). In the ®ssion yeast Saccharomyces pombe,
mutations in the tropomyosin or pro®lin gene block cytoki-cell stage would contain 1.2 1 108 tetramers. The ratio of
antibody molecules to spectrin tetramers for blastomeres nesis and cause cell cycle arrest (Balasubramanian et al.,
1992, 1994). In addition, mutations in the rae1 gene disruptmicroinjected with intact antibody would therefore be 0.2
ng, 7:1; 0.4 ng, 13:1; and 0.8 ng, 25:1. Since the molecular both the actin and the tubulin cytoskeleton and arrest the
cell cycle (Brown et al., 1995). In the budding yeast Sacchar-mass of the Fab fragment is 13 that of the intact IgG molecule
omyces cerevisiae, an extensive reorganization of the actin-(50,000 vs 150,000 kDa; Harlow and Lane, 1988), the ratio
based cytoskeleton accompanies the formation of a bud andof Fab fragments to spectrin tetramer would be threefold
is regulated by cyclin/Cdc28 kinases (Lew and Reed, 1993).higher when the same mass of Fab fragment was injected.
Temperature-sensitive mutants that are unable to undergoThis higher Fab/spectrin tetramer ratio for a given antibody
actin reorganization fail to form buds and show cell cycledose is the most likely explanation for the observed arrest
delays resulting from a checkpoint that monitors actin cy-of the cell cycle in blastomeres injected with high doses of
toskeleton organization (Lew and Reed, 1995).Fab fragments (0.6 ng Fab, ratio of 62:1), compared to the
The mechanism by which cell cycle arrested Patiria blas-progressive increase in the length of the cell cycle observed
tomeres reenter the cell cycle is not known. Selective degra-in blastomeres injected with low doses of Fab fragments or
dation of Fab fragments in injected blastomeres might re-intact anti-spectrin antibody. Alternatively, the smaller size
lease a suf®cient pool of spectrin to allow the cell to reenterof the Fab fragment may permit binding to a greater number
the cell cycle. Alternatively, activation of spectrin tran-of sites on a spectrin molecule because of reduced steric
scription may allow suf®cient spectrin synthesis to com-hindrance, making Fab fragments more effective than intact
pensate for the spectrin de®cit. The sea urchin egg containsantibody in inhibiting spectrin function. The actual mecha-
low levels of spectrin RNA, and zygotic transcription doesnism by which anti-spectrin antibody inhibits spectrin
not occur until the late blastula stage (Wessel and Chen,function may be due to the prevention of spectrin binding
1993). However, depletion of the spectrin pool may activateto membranes, inhibition of actin cross-linking by spectrin,
a feedback mechanism that initiates spectrin transcriptionalteration in the phosphorylation state of spectrin, or a com-
prematurely to reestablish a suf®cient pool of spectrin tobination of these effects.
escape the cell cycle block.
Spectrin and the Cell Cycle
Spectrin and Nuclear Reformation
While the results of this study demonstrate a clear effect
of anti-spectrin antibody on cell cycle timing, the mecha- Blastomeres microinjected with high doses of Fab frag-
ments initiated, but failed to complete, cleavage and thennism by which this effect occurs is not known. One possibil-
ity is that spectrin participates directly in regulating the underwent cell cycle arrest. Nuclei could not be detected
in these cell-cycle-arrested blastomeres until division re-timing of the cell cycle by some as yet unidenti®ed molecu-
lar mechanism. However, since there is no a priori reason sumed. Instead, numerous DAPI-staining dots were found,
either clustered together in arrays that appeared as clearto assume that spectrin plays a direct role in cell cycle
events, a more likely explanation is that inhibition of spec- areas with DIC optics or scattered throughout the cell.
These structures appear to be individual chromosomes thattrin function affects the cell cycle indirectly, by disrupting
the organization of the actin cytoskeleton. Such a mecha- did not undergo fusion to form a normal nucleus. This inhi-
bition of nuclear reformation could result from the arrestnism is consistent with the observed reduction in the
amount and organization of ®lamentous actin in the cortex of the cell cycle at a time that is nonpermissive for nuclear
assembly or could re¯ect a direct role for spectrin in nuclearof injected blastomeres. Fowler and Adam (1992) demon-
strated a redistribution of spectrin from the plasma mem- reformation. Localization of spectrin to the nuclear mem-
brane has been reported in neurons (Zagon et al., 1986),brane to the cytoplasm of cultured CHO and HeLa cells
during mitosis that may be regulated by the phosphoryla- amoebae (Choi and Jeon, 1989), and amphibian oocytes
(Campanella et al., 1990). Although spectrin has not beention of spectrin by mitotic kinases. The observation that
high doses of anti-spectrin Fab arrest the cell cycle between localized to the nucleus of echinoderm eggs (Schatten et al.,
1986; Fishkind et al., 1990a,b), intense anti-spectrin stain-cleavage and nuclear reformation suggests that anti-spectrin
antibody may inhibit cortical actin reorganization associ- ing of cytoplasmic vesicles might mask more subtle nuclear
staining. In addition, the formation of a transient, perinu-ated with cell division.
Previous studies have demonstrated that alterations in clear array of actin ®laments has been reported during nu-
clear reformation following mitosis in tissue culture cellsactin cytoskeletal organization cause cell cycle arrest in
tissue culture cells and yeast. Treatment of tissue culture (Clubb and Locke, 1996). If a similar structure participates
in the process of nuclear reformation in star®sh embryos,cells with cytochalasin D or latrunculin disrupts the actin
cytoskeleton and prevents the progression of the cell cycle inhibition of spectrin function might prevent normal nu-
clear assembly.into S phase (Takasuka et al., 1987; Iwig et al., 1995; BoÈhmer
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Spectrin and the Cytoskeleton likely to be eliminated during early embryogenesis (Hart-
well and Weinert, 1989). Thus the observed fragmentation
The observation that the cortical actin cytoskeleton be- of cells caused by surface blebbing may represent the elimi-
comes disrupted in blastomeres injected with anti-spectrin nation of defective cells by apoptosis.
antibodies suggests that spectrin functions in maintaining
the organization of actin in the egg cortex. This result is
consistent with ultrastructural localization studies demon- Spectrin in Cytokinesis
strating the cross-linking of cortical actin ®laments by spec-
trin in the cortex of fertilized sea urchin eggs (Fishkind et Blastomeres injected with high doses of anti-spectrin an-
al., 1990a). Microinjection of anti-spectrin antibodies into tibody or Fab fragments initiate, but fail to complete, cytoki-
amoeba also causes dose-dependent changes in cell mor- nesis. Cleavage furrows in these cells appear to form and
phology and motility consistent with the disruption of the contract normally, but regress during later stages of cytoki-
actin cytoskeleton (Choi and Jeon, 1992). In contrast to nesis, suggesting that spectrin functions in the completion
these results, Mangeat and Burridge (1984) reported that of cytokinesis, but is not required for the initiation or con-
microinjection of anti-spectrin antibodies into tissue cul- traction of the cleavage furrow. This interpretation is con-
ture cells caused the immunoprecipitation of spectrin and sistent with the observation that the redistribution of spec-
aggregation of intermediate ®laments, but no other detect- trin to furrow canals during cellularization of the Drosoph-
able changes to the cytoskeleton or cell morphology. How- ila embryo lags behind that of actin and myosin, suggesting
ever, the cellular consequences of inhibiting spectrin func- that spectrin functions in stabilizing the furrow canals once
tion may be less apparent in tissue culture cells. Drosophila they have formed (Pesacreta et al., 1989). Previous studies
mutants with defects in spectrin interchain binding that have identi®ed spectrin as a component of isolated cleavage
inhibit tetramer formation exhibit ®rst larval instar lethal- furrows from sea urchin eggs (Yonemura et al., 1990); how-
ity (Deng et al., 1995). Although this mutant spectrin re- ever, immuno¯uorescent staining does not show any de-
mains stably associated with the plasma membrane, it is tectable accumulation of spectrin in the cleavage furrow
unable to cross-link actin ®laments into networks (Deng et compared with other regions of the egg cortex (Schatten et
al., 1995), supporting the hypothesis that the cross-linking al., 1986; Fishkind et al., 1990b). These results suggest that
of actin ®laments by spectrin is necessary for development. spectrin functions in stabilizing the cleavage furrow during
The progeny of blastomeres injected with anti-spectrin contraction and may be required for the completion of cyto-
antibody exhibited increased surface blebbing, consistent kinesis.
with a destabilization of the cortical actin cytoskeleton
caused by the inhibition of spectrin's ability to cross-link
actin ®laments into networks and/or mediate the attach- Spectrin and Formation of the Blastula Epithelium
ment of actin ®lament networks to the plasma membrane.
Human melanoma cell lines de®cient in the actin binding The progeny of injected blastomeres are unable to partic-
protein ABP-280 also display increased surface blebbing ipate in the formation of a blastula epithelium, suggesting
(Cunningham et al., 1992; Cunningham, 1995). Like spec- that spectrin may function in the polarization of blastula
trin, ABP-280 cross-links actin ®laments into networks and epithelial cells and in establishing cell±cell contacts re-
binds to integral membrane glycoproteins (Brotschi et al., quired for junction formation. Previous studies have impli-
1978; Ezzell et al., 1988; Cunningham et al., 1992; Sharma cated spectrin in the polarization of MDCK epithelial cells
et al., 1995). Cunningham et al. (1992) demonstrated that in culture (Nelson and Veshnock, 1987; Nelson et al.,
transfection of ABP-280-de®cient cells with functional 1990) and have demonstrated the interaction of spectrin
ABP-280 suppresses blebbing and restores normal cell mo- with cell adhesion molecules involved in the establish-
tility, suggesting that this protein is required for membrane ment of cell±cell contact (Pollerberg et al., 1987; Goodman
stability and the coordinated formation of surface protru- et al., 1988; Bennett, 1990; Nelson et al., 1990). Inhibition
sions. Our results suggest that the inhibition of spectrin of spectrin function in Patiria embryos may therefore in-
function by microinjected anti-spectrin antibodies causes a terfere with the cellular polarization and cell±cell interac-
similar destabilization of the cortical cytoskeleton, leading tions required for the development of the blastula epithe-
to the formation of surface blebs and subsequent cell frag- lium. This interpretation is consistent with the observa-
mentation. tion that mutations in the Drosophila a-spectrin gene
Surface blebbing and cell fragmentation are characteris- inhibit the formation of a normal gut epithelium (Lee et
tics of apoptosis (Wyllie et al., 1980; Earnshaw, 1995) which al., 1993) and that the distribution of bH-spectrin during
can be induced if the cell cycle is perturbed (Earnshaw, 1995; Drosophila embryogenesis suggests that it functions in the
Evan et al., 1995). It is interesting to note that the arrest of establishment of cell polarity (Thomas and Kiehart, 1994).
cell division and induction of cell fragmentation occurred In addition, transfection of cultured Caco-2 cells with
in injected blastomeres at the time the controls reached the truncated bG-spectrin has been shown to cause the loss of
epithelial morphology (Hu et al., 1995).mid-blastula stage, the point where defective cells are most
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